Abstract Nitrogen (N) content is an important factor that can affect wheat production. The non-destructive testing of wheat canopy leaf N content through multi-angle hyperspectral remote sensing is of great importance for wheat production and management. Based on a 2-year experiment for winter wheat in Lethbridge (Canada), Zhengzhou (China), and Kaifeng (China) growing under different cultivation practices, the authors studied the relationships between N content and wheat canopy spectral data in solar principal plane (SPP) and perpendicular plane (PP) at different observation angles. Modeling was conducted according to the spectrum index with the highest correlation coefficient and the corresponding observation angle. The results showed that correlation coefficient between the spectral index and canopy leaf N content at each observation angle of the SPP was significantly higher than that of the PP. Significant differences in the correlation coefficient were also observed at different observation angles of the same observation plane, and the correlation coefficients of angles of -30°and -40°were higher than others. A model fitted by a power function by using mND705 as independent variable at an angle of -40°in the SPP showed the highest accuracy.
Introduction
Nitrogen (N) content is an important indicator of the nutritional status of a crop. The rapid real-time acquisition of crop N content information is crucial for monitoring crop growth and regulating fertilization. Traditional chemical analysis techniques, such as the Kjeldahl method are often used to determine crop N content; however, there are several disadvantages such as the time required, high costs, and sampling requirements. In addition, only point-source information can be acquired, thus it is difficult to perform assessments on a macroscopic scale, which greatly affects the comprehensiveness, timeliness, and objectivity of agricultural decision-making (Liang et al. 2011) . Therefore, the application of accurate, rapid, and economical diagnostic methods of crop N nutrition levels are very important for determining the correct level of fertilizer application and optimally managing nitrogenous fertilizer applications in real-time. The emergence of remote sensing technology has made the fast and non-destructive monitoring of crop N content possible at a large scale (Jain et al. 2007; Stroppiana et al. 2009; Ryu et al. 2009 ).
As an important economic crop and research model plant, the remote monitoring of wheat N content has been extensively studied. Many studies have used the reflectance of the corresponding wavelengths that highly related to wheat N content to construct the hyper-spectral index and inversion model. For example, Yang et al. (2002) successfully used Gaussian red edge width to perform the inversion of the total N content of a wheat canopy. Hansen and Schjoerring (2003) used near green and blue lights to establish a normalization index and further estimate the biomass and N content of wheat. Osborne et al. (2004) suggested that there is a close correlation between the total N content and canopy reflectance in winter wheat. Feng et al. (2008) suggested that a stabilized red edge or leaf area parameter is closely related to leaf N content parameters, including REPLe, SDr-SDb, and FD729, which were then used to monitor the leaf N content of wheat. Hu et al. (2009) conducted a similar research and also showed that the correlation between the REPLe of red edge parameters and agronomy components in winter wheat was better than other parameters, and was positively and highly significantly correlated with the leaf N content.
These studies show that the application of remote sensing techniques to estimate crop N nutritional status is feasible. However, these studies have used sensors to vertically collect crop canopy spectral information, and undertook modeling and inversion under the condition of isotropy diffuse reflection. In reality, the interaction between surface features and electromagnetic waves has an obvious directionality rather than isotropy. Surface reflectance and radiation characteristics will change as the observation angle varies (Asner et al. 1998; Despan et al. 1999) . In this case, the observed vertical inversion model was insufficient to accurately reflect the structure, and physiological and biochemical characteristics of the crop canopy, which would affect the models application in large-scale satellite monitoring (Boyd et al. 2002; Huang et al. 2011) . Compared with vertical observations, multi-angle remote sensing can monitor the target in many directions and obtain more abundant, detailed, and reliable information regarding the targeted object, which would provide a new method of quantitative remote sensing (Gao et al. 2003; Wu et al. 2010) .
However, few remote sensing inversion studies on wheat N nutrition through multi-angle hyperspectral data have been reported. In particular, the relative universal model of wheat canopy N content inversion has not been established after comprehensively considering the differences in area, variety, and cultivation practices.
Our study was based on field trials in different time periods and geographical regions, with different wheat varieties and cultivation patterns. The multi-angle and hyperspectral remote sensing data were combined to analyze the variation of spectral reflectance at different observation planes and angles. Various spectral indexes that correlated with wheat canopy leaf N content were compared and analyzed at different observation planes and angles to establish a multi-angle hyperspectral quantitative monitoring model of wheat N status. This study provides the theoretical basis and technical support for the practical application of hyperspectral remote sensing in the diagnosis of wheat N nutrition.
Materials and methods

Experimental design
In this study, six field trials were conducted involving different growth periods, regions, cultivars, and planting modes in China and Canada. Experiments 1-3 were conducted in 2011-2012, with N rate treatments for Experment 1, planting density treatments for Experiment 2, and two-factor (N rate and planting density) treatments for experiment 3. Experiments 4-6 were conducted in 2012-2013, which were respectively repeatable texts of 2011-2012. The experimental design was as follows:
Experiments 1 and 4 consisted of four N rates (0, 90, 180, and 360 ) and two N rates (0, and 240 kg N ha -1 ) for Experiment 6. The field spectral measurements and sampling times were August 5th (booting stage) and August 17th (flowering stage), August 23rd (initial filling stage) and September 8th (end of filling stage) in Experiment 3, and August 4th (booting stage) and August 18th (flowering stage) in Experiment 6. Other management followed local standard practices in wheat production.
Multi-spectral data acquisition
A FieldSpec HH 2 (350-1050 nm) spectrometer created by Analytical Spectral Device (ASD) of America was used to measure the wheat canopy spectrum in experiments 1, 2, 4, and 5. The measurement was conducted on a cloudless and windless day from 10 am to 2 pm local time using the spectrometer fitted with a 25°-field-of-view fiber optic adaptor.
Reflectance was recorded with a sampling interval of 1.5 nm and a resolution of 3.5 nm between 350 and 1075 nm. The sensor was placed at a height of 1 m above the canopy on top of the zenith arc of a goniometer (Fig. 1) . The geometric precision of the zenith arc (±0.2) was referenced with the help of a laser moving over the zenith arc on plane ground. The goniometer enabled directional observations of the same target and kept the distance from the spectrometer to the center of the target unchanged while moving over the target. The observation azimuth was relatively fixed as the direction of the sun, as seen from the observation point. This observational plane is referred to as the solar principal plane (SPP). The plane which is perpendicular to the SPP is referred to as the perpendicular planes (PP). The term ''multi-angular'' refers to observation zenith angles measured, including positively and negatively angles. If the observation zenith angle was negative, it was on the same side of the sun (backward). Otherwise, it was on the opposite side of the sun (forward). The zenith angle is defined as zero at nadir position. The observation zenith angle varied from -60°to ?60°at intervals of 10°in each plot (i.e., -60°, -50°, -40°, -30°, -20°, -10°, 0°, 10°, 20°, 30°, 40°, 50°, and 60°). The spectral sampling interval is 1.4 nm, repeating five times, and its average value was used as a single spectral sample of the plot area. Standard whiteboard emendation was performed timely and promptly during the measuring process. The reflectance of a standard whiteboard was 1, thus the measured spectrums of the targeted object were the dimensionless relative reflectance and relative transmittance.
A Goniometer System-2 (ULGS-2) multi-angle spectrophotometer (Fig. 2) , which was invented and created by Coburn and Noble at the University of Lethbridge, was used in experiments 3 and 6. The ULGS-2 has a unique design that addresses the requirements of an effective goniometer design and incorporates a number of technological advancements and uses a quarter circle and no ground apparatus to position the sensor as it is rotated by the central pivot at the top of the supporting structure. The arc is driven by a PC-controlled stepper motor using a gear-reduction transmission. The sensor, which carries the Upwelling (UW) sensor, is also driven by a PC-controlled stepper motor that drives the sled using a rack mounted to the arc. There are reference stops at the top and the bottom of the arc to calibrate the sled position along the arc. The measurements were conducted on a cloudless and windless day from 10 am to 2 pm local time. The ULGS-2 was programmed to acquire spectral reflectance every 10°in observation zenith angles (-60°to ?60°) in the SPP and the PP. The spectral sampling interval is 0.3 nm, repeating ten times, and its average value was used as the spectral reflectance of the plot area. Standard whiteboard emendation was performed timely and promptly during the measuring process. Determination of wheat canopy leaf N content Samples for N content of wheat leaf determination were collected immediately after canopy spectral measurements. In each field, a total of 20 representative plants were selected in the jointing stages, and ten plants were selected in the flowering and filling stages. The green leaves were blanched at 105°C for 30 min and then the temperature was maintained between 70 and 80°C. After drying, grinding, and mixing, concentrated sulfuric acid was used to dissolve the sample at high temperature and convert the organic nitrogenous compounds into ammonia nitrogen. An acid standard solution was then used for titration. The N content was calculated according to the consumption of the standard solution.
Data analysis
In this study, reproducible tests were conducted in Lethbridge (Canada), Zhengzhou (China), and Kaifeng (China) in 2012 and 2013, and therefore we combined all of the experimental data from Canada and China to create a new data set. This was used to establish a widely applicable multi-angle remote sensing prediction model for the determination of canopy leaf N content. This new data set contained a total of 187 samples, of which 140 (i.e., 75 % of the total samples) were randomly selected to build a wheat N content prediction model. The remaining 47 samples (i.e., 25 % of the total samples) were used to test the model. All the data was analyzed using SPSS19.0 software. To identify the sensitive wavelength range and the observation angle of the wheat canopy leaf N content, 10 high spectral indexes were chosen based on previous research results (Gamon et al. 1992; Sims and Gamon 2002; Gong et al. 2002; Feng et al. 2008; Rajeev et al. 2012) , of which 5 were based on the original reflectance spectroscopy and the other 5 were based on the first-order differential processing spectral data. The formula is shown in Table 1 . On this basis, a correlation analysis was used to calculate the correlation coefficients of the wheat leaf N content and different hyperspectral indexes observed at different observation angles in SPP and PP. The spectral index with the highest correlation coefficient and its corresponding observation angle were selected for modeling. For modeling, ten types of equation (i.e., linear, logarithmic, reciprocal, quadratic, cubic function, composite function, power function, S function, growth function and exponential function) were selected. Wheat canopy leaf N content was set as the dependent variable, and the value of the spectral index with the highest correlation coefficient, observed at the corresponding observation angle, was set as the independent variable for modeling. The most appropriate model was determined after comparing the R 2 values of various prediction models. On this basis, the 47 verification samples were used for testing the most appropriate model. Four indexes (i.e., root mean square error (RMSE), average relative error (RE), R 2 , and the slope of the predicted and actual value linear regression), were used to evaluate the precision and accuracy of the models.
where Pi and Oi are the predicted and observed values, respectively, and n is the number of samples. RE(%) is the relative difference between the predicted and observed data. The prediction is considered excellent when RE \ 10 %, good when RE = 10-20 %, fair when RE = 20-30 %, and poor when RE [ 30 % (Jamieson et al. 1991; Zhu et al. 2006) .
Results
Canopy spectral characteristics of wheat observed at different angles and in different planes
The wheat canopy reflectance spectrum at the N0 level in the filling stage in experiment 1 (May 6, 2012, Zhengzhou, China) was used as an example to illustrate the response characteristics of the wheat canopy reflectance spectrum at different angles and in different planes. According to Figs. 3 and 4, although typical vegetation spectral features were observed in SPP and PP, some obvious differences were apparent. The reflectance of green light (510-570 nm) and near infrared (780-900 nm) in PP was significantly higher than in SPP. This may be related to the proportion of shadow components of the viewing field in SPP, which changed dramatically with the observed zenith angle.
To further investigate the differences in the wheat canopy reflectance spectrum in different observation planes and at different angles, four wavelengths [i.e., 450 nm (blue), 560 nm (green), 670 nm (red) and 860 nm (near infrared)], which are commonly used in the establishment of vegetation indexes and the corresponding inversion indexes (Jain et al. 2007; Stroppiana et al. 2009; Ryu et al. 2009; Yang et al. 2002; Hansen and Schjoerring, 2003; Xue et al. 2004) , were chosen to analyze the changes of reflectance in different observation planes and at different angles. According to Fig. 5 , the four representative bands (450, 560, 670 and 860 nm) were analyzed under different observation zenith angles in the SPP and PP. As mentioned above, negative observation zenith angles were in the backscattering direction (azimuth angle is 0°), and positive view zenith angles were in the forward scattering direction (azimuth angle is 180°). The reflectance values changed with observation zenith angles in the SPP and PP. The spectral reflectance values of canopies showed similar tendencies at the four bands with higher values in the backscattering direction than in the forward direction in the SPP. The curves exhibited a ''spoon shape'', first increasing then decreasing from the backscattering direction to the forward scattering direction at 450, 560 and 670 nm. Maximum values were obtained at -40°for 450 and 560 nm, and at -30°for 670 nm. This was due to the proportion of upper canopy components viewed by the spectrometer decreasing and the proportion of bottom canopy components increasing when the sensor was moved from the backscattering direction to the forward scattering direction in the visible region, which lead to canopy reflectance showed a decreasing trend (García-Haro and Sommer, 2002) . Compared with SPP, the spectral reflectance curves of canopies showed different at 450, 560 and 670 nm in the PP, which presented an irregular change. Moreover, reflectance showed a typical asymmetric ''bowl-shape'' at 860 nm and a smaller difference between the backscattering and forward scattering directions in the SPP and PP. That may be because the reflectance of 860 nm bands are relatively high, and are almost equal with their transmittance, so multiple scattering makes their reflectance is insensitive to observation zenith angles (Wang et al. . Another, reflectance observed in the PP was higher than that in SPP in the different view zenith angles at all four wavelength, except for the observation angle from -40°to -50°at 450 and 560 nm, from -30°to -50°at 670 nm. In a word, the differences of reflectance observed in different planes and at different angles may result in differences of the model and the accuracy of the spectral indexes monitoring physiological and biochemical components of vegetation.
Correlation between different spectral indexes and wheat canopy leaf N content in different observation planes and at different angles As expected, different wheat cultivars, growth stages and N treatments, together with different sites and years, caused considerable variation in the canopy leaf N content ( Table 2 ). The most variation of canopy leaf N content [coefficient of variation (CV) = 39.2 %] was in Canada and the smallest variable (CV = 9.6 %) was at the filling stage. The variations of canopy leaf N content in each datasets were suitable for developing and validating regression models between spectral indexes and wheat canopy leaf N content. However, variances were homogeneous across years, locations and growth stages. This prompted us to consider that canopy leaf N content could be remotely estimated in one data set in different experimental conditions. Another, the performance of spectral indexes varied with different N status (Cao 2013 ). We picked out two spectral indexes (mND705 and ND680) from the ten spectral indexes in Table 1 which are commonly used in the version of wheat canopy N content, and took them for example to study variety of spectral indexes at different experiment conditions (Table 3) . Table 3 showed the varieties of mND705 and ND680 across years, locations and growth stages at 0°observation zenith angle in the SPP with CV of. 10.7-39.0 % for mND705 and 7.4-44.2 % for ND680. To explore the relationships between the spectral indexes and canopy leaf N content, the ten spectral index values were calculated in different observation planes and at different angles. On this basis, the correlation coefficients between each spectral index and the wheat canopy leaf N content in different observation planes and at different angles were studied, and three-dimensional figures were then constructed (Figs. 6, 7) . As shown in Figs. 6 and 7, the correlation coefficient between each spectral index and the wheat canopy leaf N content in SPP was significantly higher than in PP at different observation angles, and had not an obvious change in the PP. Considering the performances of the various spectral indexes, the correlation between mND705/ND680 and the wheat canopy leaf N content was significantly higher than the other indexes. For the same observation plane, the correlation coefficient of the spectral index and the wheat canopy leaf N content was also significantly different (He et al. 2015) . Taking SPP as an example, the average correlation Fig. 6 The correlation between each spectral index and the canopy nitrogen content at different observation angles in the SPP Fig. 7 The correlation between each spectral index and the canopy nitrogen content at different observation angles in the PP Precision Agric (2016) 17:721-736 731 coefficient between the spectral indexes and the wheat canopy leaf N content was higher for angles ranging from -40°to -20°, with the highest average correlation coefficient observed at an angle of -30° (Fig. 8) . So, above results showed that mND705 and ND680 were potential for estimating canopy leaf N content of wheat, and the optimal angle was within the scope from -40°to -20°.
The inversion model of wheat canopy leaf N content
On the basis of the correlation coefficients between the spectral indexes and the wheat canopy leaf N content in SPP and PP at different observation angles, mND705 and ND680 were chosen to develop an inversion model at observation angles of -40°and -30°. To assess the goodness and the accuracy of different fitting models, three indicators (R 2 , RMSE, and RE) were used to conduct a comprehensive assessment. According to Table 4 , the mND705 value observed in the SPP at an angle of -40°was set as the independent variable, and the models fitted by the cubic and power functions performed best, with R 2 of 0.823, RMSE of 0.365 and RE of 14.3 % for the cubic function and R 2 of 0.880, RMSE of 0.363 and RE of 14.5 % for the power function. As indicated that mND705 developed based on ND705 by incorporating reflectance at 445 nm waveband (Sims and Gamon 2002) was more appropriate predictor of wheat canopy leaf N content than other spectral indexes, and had strong capacity of reducing effects of experiment conditions on monitoring model. Another, the better performance of mND705 may be based largely in the rededge (Broge and Leblanc, 2000) . Li et al. (2012) proved red-edge indices were more sensitive and robust in deriving plane N-status. Feng et al. (2014) also indicated that rededge indices were stable and powerful enough for monitoring leaf N content across different sites, times, cultivars and phonological.
Verification of the wheat canopy leaf N content inversion model
On the basis of the two selected models with the best fitting goodness and accuracy based on 47 verification points, mND705 values calculated in SPP at an angle of -40°were used to predict the leaf N content of the wheat canopy. The predicted value was then compared with the actual value. A comprehensive comparison was performed among the RMSE, RE, Fig. 8 The mean value of the spectral index correlation coefficient at different observation angles in the SPP Table 4 Goodness and accuracy of different fitting models for mND705 and ND680 and R 2 indicators, and the slope of the predicted value and the actual value of the linear regression (Fig. 9) . It was observed that both models displayed better stability. If the mND705 value observed at an angle of -40°was set as an independent variable, using a power function to build the model would have a better validation effect.
Conclusion
In this study, 2-year wheat field trial data from different regions, with different cultivation practices, and using different cultivars was used to comprehensively analyze the differences of canopy reflectance in different planes and at different angles, and then to construct a canopy leaf N content inversion model. Three indicators (i.e., R 2 , RMSE and RE), were chosen to comprehensively evaluate the model. Significant differences were observed in the correlation between wheat canopy leaf N contents and spectral indicators in different planes and at different angles. The correlation in SPP was significantly higher than in PP. The strongest correlations were found in mND705 and ND680 at angles of -40°and -30°i n SPP, and the models fitted by cubic and power functions with mND705 value at an angle of -40°in SPP as independent variable performed best. However, the power function performed better after verifying the RMSE, RE, R 2 , and the slope of the predicted and actual value linear regressions. Considering the impacts of the test fields and cultivars, the accuracy of our study was not as high as in previous studies that conducted in a fixed field under a single condition. Despite this, our study provides a good reference for monitoring for wheat N content at large-scale.
